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HIGHLIGHTS GRAPHICAL ABSTRACT

« GWAS/TWAS integration identified A
GmISO5 as a seed isoflavone locus.

« CRISPR mutants showed an ~80%
decrease in total seed isoflavones.

« GmISO5 directly activates GmHIDH
and GmCHST1 in the isoflavone
pathway.

« Loss of GmISO5 was accompanied by
reduced leaf isoflavone accumulation
and increased susceptibility to SMV.
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biosynthetic pathway has been well characterized, its upstream regulatory network and potential rela-
tionship with plant stress responses remain incompletely understood.

Objectives: This study aimed to identify key regulators of seed isoflavone accumulation and to assess
whether the identified regulator is associated with the soybean response to soybean mosaic virus

IS?; EV:;;’S: (SMV) infection.

Isoflavone biosynthesis Methods: We integrated genome-wide and transcriptome-wide association analyses with CRISPR/Cas9-
GmiISO5 mediated knockout, transcriptome profiling, molecular interaction assays, co-expression network analy-
Soybean mosaic virus sis, and population genetic analysis.

Molecular breeding Results: GmISO5 was identified as a major genetic determinant of seed isoflavone content. CRISPR/Cas9-

mediated knockout of GmISO5 reduced total seed isoflavones by approximately 80% and broadly altered
the expression of isoflavone-pathway genes. Molecular assays demonstrated that GmISO5 directly binds
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to and activates the promoters of GmHIDH and GmCHS1, which encode 2-hydroxyisoflavanone dehy-
dratase and chalcone synthase, respectively, demonstrating direct regulation at distinct steps of the iso-
flavone biosynthetic pathway. Transcriptome profiling and co-expression network analysis further placed
GmISO5 within an isoflavone-enriched regulatory module. Following SMV inoculation, GmISO5 knockout
lines exhibited more severe symptoms and higher viral accumulation, implicating GmISO5 in the
response to SMV infection. Population genetic analyses showed that the low-isoflavone haplotype
(GmIS05°") reached 91% frequency in improved cultivars, suggesting that its enrichment may have
resulted from indirect selection for seed-weight and oil-content traits associated with GmISO5°" rather
than direct selection for reduced isoflavone accumulation.

Conclusion: GmISO5 is a key regulator of soybean seed isoflavone accumulation that directly activates
GmHIDH and GmCHS]1. The increased SMV susceptibility of GmISO5 knockout lines further implicates
GmISO5 in the soybean response to SMV infection, although whether reduced isoflavone accumulation

directly causes the altered SMV phenotype remains to be established.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Soybean (Glycine max (L.) Merr.) is a premier source of plant oil
and protein, serving as a vital industrial raw material and a corner-
stone of livestock feed io [1]. Beyond these primary roles, soybean
is distinguished by its high accumulation of isoflavones-specialized
metabolites that offer significant human health benefits [2]. These
compounds comprise twelve structurally distinct derivatives orig-
inating from three conserved core structures [3,4]. While daidzein-
and genistein-type isoflavones are prized for their antioxidant and
anticancer activities [5,6], glycitein-types are often associated with
bitterness in soybean products [7]. Biologically, isoflavones facili-
tate legume-rhizobia symbiosis and bolster defense against patho-
gens [3,8,9]. Thus, elucidating the genetic regulation of isoflavones
biosynthesis is crucial for the rational improvement of soybean
nutritional quality and stress resilience. More broadly, the sustain-
able use of natural bioactive resources requires not only functional
discovery but also attention to quality control, safety, standardiza-
tion, and practical applications in food and pharmaceutical fields
[10-14].

The isoflavone biosynthetic pathway, branching from the
phenylpropanoid and flavonoid pathways [15], is driven by key
enzymes such as chalcone synthase (CHS), chalcone isomerase
(CHI), and isoflavone synthase (IFS) [16]. Isoflavone content is a
complex quantitative trait controlled by multiple genes and envi-
ronmental factors [17]. Although various transcription factors have
been identified, including positive regulators (e.g., GmMYB176 [18],
GmMYB133 [19], GmMYB29 [20,21], GmZFP7%?) and repressors (e.g.,
GmMYB77 [23], GmMYB100?*), as well as light-responsive factors
(GmCRY1s, GmPHOT1s, GmSTF1) [25], the causal regulators explain-
ing natural variation in seed isoflavone content remain largely elu-
sive. Recently, multi-omics approaches integrating GWAS, TWAS,
eQTL, and co-expression networks have emerged as powerful tools
to provide multidimensional insights into complex traits and
directly identify candidate genes underlying their molecular archi-
tecture [26-28].

Members of the phosphatidylethanolamine-binding protein
(PEBP) family, such as FLOWERING LOCUS T (FT), TERMINAL

FLOWER 1 (TFL1) and MOTHER OF FT AND TFL1 (MFT), are well-
known in diverse plant species for regulating development, includ-
ing the control of flowering time, inflorescence meristem identity,
seed development and germination [29-33]. MFT plays a promi-
nent role in seed germination and stress responses by modulating
ABA and GA signaling [30,34]. In soybean, the MFT homolog
GmMFT (also known as GmST05) has been reported as a major locus
controlling seed oil and protein content [35,36]. Despite these
insights into primary metabolism and development, the roles of
PEBP proteins in secondary metabolism remain poorly understood,
and no direct link has yet been established between PEBPs and iso-
flavone biosynthesis.

Here, integrative GWAS and TWAS analyses of 4.7 million SNPs
identified GmISO5 as a major locus underlying natural variation in
seed isoflavone content. CRISPR/Cas9-mediated disruption of
GmISO5 reduced total seed isoflavone accumulation by approxi-
mately 80% and altered the expression of numerous isoflavone-
pathway genes. Molecular assays further demonstrated that
GmISO5 directly binds to and transactivates the promoters of both
GmHIDH and GmCHST1, revealing direct regulation at multiple posi-
tions within the isoflavone pathway. Population genetic analyses
indicated that the low-isoflavone haplotype became predominant
during soybean domestication and improvement, whereas the
high-isoflavone haplotype remains rare. In addition, GmISO5
knockout lines exhibited increased SMV accumulation and disease
severity. These findings establish GmISO5 as a multi-target regula-
tor of soybean isoflavone biosynthesis and implicate it in the
response to SMV infection, although the causal relationship
between isoflavone metabolism and SMV susceptibility remains
unresolved.

Results
Diversity and heritability of seed isoflavones in soybean
To characterize the natural variation in seed isoflavone compo-

sition, we conducted multi-year phenotyping in Beijing (39°N,
116°E) over three consecutive growing seasons (2009-2011) using

>

Fig. 1. GWAS and TWAS of isoflavone traits. A. [soflavone content in 311 soybean accessions. Phenotypic data for six components (Genistin, Glycitin, Daidzin, Genistein,
Glycitein, and Daidzein) were collected over three years in Beijing, averaged across environments, and analyzed using BLUP. B. Correlation network of isoflavone traits. Light
blue edges indicate positive correlations, dark blue edges indicate negative correlations, and dot size reflects the relative proportion of each component in total isoflavone
content. C. GWAS results and QTLs for total isoflavones and six individual components. The x-axis represents chromosomes, and the y-axis shows -log;o(P) values. The dashed
line indicates the genome-wide significance threshold. D. Local Manhattan plot of the 347.26-kb region surrounding the peak locus qISO.Gm05. Colors represent linkage
disequilibrium (LD, r?) between the lead SNP and neighboring variants. E. Functional enrichment of isoflavone-associated genes identified under a relaxed threshold
(P <5 x 10™). GO (up) and KEGG (down) pathway enrichment. The y-axis denotes enriched terms, the count value indicates the number of overlapping genes, and the
adjusted P value reflects enrichment significance. F. Manhattan plots of TWAS signals for total isoflavones and six individual components (Genistin, Glycitin, Daidzin,
Genistein, Glycitein, and Daidzein). Each dot represents a gene; those above or below the horizontal line are positively or negatively associated with isoflavone content,

respectively.
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a diverse panel of 311 cultivated soybean accessions [37]. The
results showed that glycoside-type isoflavones (genistin, glycitin,
and daidzin) accumulated at substantially higher levels than their
corresponding aglycones (genistein, glycitein, and daidzein).
Among all components, genistin was the most abundant compo-
nent, accounting for 32.75% of total isoflavones, whereas genistein
was the least prevalent (4.23%) (Fig. 1A; Supplementary Table S2).
Best linear unbiased prediction (BLUP)-based correlation analysis
further revealed that glycoside-type components were the primary
contributors to total content and showed the strongest correlations
with total isoflavones (Pearson r = 0.71-0.89; Fig. 1B; Supplemen-
tary Table S3), while aglycone components showed only moderate
correlations. In alignment with these patterns, broad-sense heri-
tability (H?) estimates indicated that glycoside-type and total iso-
flavone contents were largely under genetic control, whereas
aglycones are more susceptible to environmental factors. Specifi-
cally, genistin and total isoflavone content displayed relatively
high heritability (H* = 0.57 and 0.52, respectively), whereas agly-
cones exhibited substantially lower heritability (H?> = 0.12-0.30)
(Supplementary Table S4).

From an evolutionary and geographic perspective, population
comparisons indicated that landraces contained significantly
higher total isoflavones and major individual components than
improved cultivars (Fig. STA), suggesting that modern breeding
has unintentionally favored cultivars with reduced isoflavone level.
Furthermore, we observed a clear latitudinal line in isoflavone dis-
tribution, with higher accumulation in southern accessions com-
pared to northern ones (Fig. S1B).

Considering their low heritability and pronounced environmen-
tal sensitivity, aglycone-type isoflavones were treated as secondary
traits with moderate confidence in subsequent analyses. Conse-
quently, our primary GWAS focused on glycoside-type isoflavones
and total isoflavone content, which provided greater statistical
power for detecting robust genetic associations. Because isoflavone
profiles are environment-sensitive, the multi-year Beijing pheno-
types were analyzed using BLUP values to reduce year-specific
noise. Collectively, these findings validate the reliability of our
dataset and establish a solid foundation for dissecting the genetic
architecture of isoflavone accumulation in soybeans.

Integrative GWAS and TWAS identify key loci underlying seed
isoflavone accumulation

We performed a genome-wide association study (GWAS) in this
germplasm panel consisting of 4,765,428 SNPs using the Fixed and
Random Model Circulating Probability Unification (FarmCPU) [38].
Population structure was controlled using principal components,
and genome-wide significance was determined using a
Bonferroni-corrected threshold (p < 1.1E-8). To evaluate potential
inflation of association signals, we inspected the QQ plots and cal-
culated genomic inflation factors (AGC) for the GWAS results. The
AGC values ranged from 0.814 to 0.941 across traits, suggesting
that population structure and false-positive inflation were ade-
quately controlled, although the association tests were relatively
conservative for some traits. By integrating results for total isofla-
vones and six individual components, we mapped 22 QTLs (qISO1-
qlS022) (Fig. 1C, Fig. S2, Supplementary Table S5). Seven over-
lapped with previously reported QTLs, confirming the robustness
of our analysis (Supplementary Table S5). A prominent association
was detected at the distal end of chromosome 5, where signals for
four isoflavones converged within 74 kb (lead SNPs:
Gm05_41805842, Gm05_41867457, and GmO05_41879227; Supple-
mentary Table S5), which overlapped with previously reported
QTLs for isoflavone-related traits [39-42]. Linkage disequilibrium
analysis placed these SNPs within a single block, narrowing the
candidate region to 200.5 kb (Fig. 1D). The interval spans 27
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protein-coding genes in the Wm82.a4.v1 reference genome, but
pinpointing the causal gene remains challenging. Therefore, we
combined these four peak SNPs and designated the locus on chro-
mosome 5 as qISO.GmO05.

To link gene expression with isoflavone variation, we conducted
a transcriptome-wide association study (TWAS) using seed tran-
scriptomes at the R5.5 stage. Using the exon proportion-based
association approach reported by Li et al. [28], we applied the
FarmCPU model [38] to analyze 154,119 exons and identified 71
genes significantly associated with isoflavone content after Bonfer-
roni correction (p < 6.5 x 107%) (Fig. 1F, Fig. S3). Gene Ontology
analysis revealed that these genes were enriched in processes
related to nuclear division, gene expression regulation, and meta-
bolism, while KEGG analysis highlighted pathways of genetic infor-
mation processing, energy metabolism, and amino acid
metabolism (Fig. 1E). Among the trait-associated genes, Gly-
ma.05G244100 was repeatedly detected for four isoflavones. This
gene comprises four exons, with exon 2 proportion showing a
strong positive correlation with seed isoflavones. Importantly, it
resides within the major-effect QTL gISO.Gm05 and was subse-
quently validated as a candidate gene, hereafter designated
GmISO5, which was previously reported asGmST05 [36]
and GmMFT [35].

Genomic variation of GmISO5 is correlated with seed isoflavone
content

We analyzed sequence variation of GmISO5 in 1566 previously
re-sequenced soybean accessions [37] and identified nine variants
located in the promoter and exon regions. Linkage disequilibrium
grouped these variants into two haplotypes (Fig. 2A; Supplemen-
tary Table S2). TWAS of 204 accessions showed that carriers of
GmISO5Hap [1] exhibited a significantly higher proportion of exon
2 usage than those with GmISO5Hap [2] (Fig. 2]), consistent with a
sharp reduction in transcript abundance at the end of exon 4 and in
the 3’ UTR of Hap2 accessions (Fig. 2B; Supplementary Table S2).
Phenotypically, Hap1 accessions accumulated significantly higher
levels of total isoflavones and their major constituents, whereas
GmISO5Hap [2] accessions displayed the opposite trend (Fig. 2C-
I; Supplementary Table S2). The altered terminal transcript abun-
dance associated with exon 4 variations (+22 bp and —1 bp) may
contribute to the reduced isoflavone content in GmISO5Hap [2].
Together, these results establish that GmISO5Hap [1] represents
the high-isoflavone haplotype (renamed GmISO5™#"), while Gml-
SO5Hap [2] corresponds to the low-isoflavone haplotype (renamed
GmlISO5™%).

Functional characterization of GmISO5 in soybean isoflavone
biosynthesis

To determine the role of GmISO5 in isoflavone biosynthesis, we
first examined its expression patterns by qRT-PCR. GmISO5 was
specifically expressed in developing seeds, peaking at 30 days after
flowering (Fig. S4A). Within seed compartments, expression was
concentrated in the cotyledon and embryonic axis but negligible
in the seed coat (Fig. S4B). Consistent with these data, the Seed
Development Gene Network database (https://seedgenenetwork.
net/soybean) indicated high expression in the aleurone, abaxial
epidermis, and parenchyma of the cotyledon, as well as in the par-
enchyma and plumule of the embryonic axis (Fig. S4C), suggesting
a regulatory role in seed development and metabolism.

To validate its function, we generated two independent CRISPR/
Cas9 knockout lines (iso5_L4 and iso5_L5) in the Wm82 back-
ground, which carries GmISO5°" (Hap2). Both carried frameshift
deletions (4 bp and 5 bp) in exon 1, producing premature stop
codons (Supplementary Table S7). Knockout of GmISO5 caused dra-
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Fig. 2. Allelic effects of GmISO5 on seed isoflavone content in soybean. A. Gene structure of GmISO5 and its haplotypes. Major variation sites in the promoter, exonic, and
UTR regions are indicated; arrows denote transcriptional direction. B. Transcript abundance of GmISO5 in accessions carrying different haplotypes. C-I. Distribution of
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J- Proportion of exon 2 in accessions with different haplotypes.

matic reductions in glycitin, daidzin, daidzein, glycitein, and genis-
tein, with only a marginal increase in genistin. Total seed isofla-
vones dropped from 1375.52 pg/g in the wild type to 273.67 ng/
g in the mutants, representing an 80.1% reduction (Fig. 3A; Supple-
mentary Table S8), establishing GmISO5 as a critical regulator of
isoflavone accumulation.

To gain mechanistic insight, we performed RNA-seq on R5.5
stage seeds from Wm82 and iso5 mutants, with three biological
replicates per genotype. Over 85% of reads mapped uniquely to
the reference genome (Supplementary Table S9), and Pearson cor-
relation coefficients among biological replicates were as high as
0.967, confirming the reproducibility of the RNA-seq data
(Fig. S5A). Principal component analysis revealed clear separation
among WT, iso5_L4, and iso5_L5 (Fig. S5B). In total, 4902 and
2682 genes were differentially expressed (]log.fold change| > 1,
FDR < 0.05) in iso5_L4 and iso5_L5, respectively (Fig. 3B; Fig. S6;
Supplementary Table S10). GO enrichment showed strong overrep-
resentation of isoflavone biosynthetic and metabolic processes
(Fig. 3C). Strikingly, 30 of 65 known isoflavone biosynthetic genes
were regulated by GmISO5, including multiple enzymes catalyzing
key steps in the pathway (Fig. 3D, E; Supplementary Table S10).
Expression changes of eight representative genes were further con-
firmed by gRT-PCR, consistent with RNA-seq results (Fig. S7).
Together, these findings demonstrate that GmISO5 is seed-
specific, essential for isoflavone accumulation, and exerts broad
transcriptional control over the biosynthetic network.

GmISO5 directly activates GmHIDH and GmCHS1 transcription

GmCHS1 encodes a chalcone synthase that catalyses an early
step in flavonoid and isoflavonoid biosynthesis by generating chal-
cone precursors and has also been identified as a key component of
the soybean isoflavonoid metabolon [43]. GmHIDH encodes a 2-
hydroxyisoflavanone dehydratase that catalyses the dehydration
of 2-hydroxyisoflavanones to produce the isoflavone aglycones
daidzein and genistein [16]. Transcriptome profiling indicated that
disruption of GmISO5 affected multiple genes across the isoflavone
biosynthetic pathway, among which GmCHS1 and GmHIDH showed
pronounced reductions in transcript abundance in both iso5_L4
and iso5_L5. qRT-PCR analysis further confirmed that the expres-
sion levels of GmCHS1 and GmHIDH were significantly lower in
the two knockout lines than in the wild type (Fig. 4A, B), support-
ing the positive regulation of both genes by GmISO5.

To determine whether GmISO5 associates with the GmHIDH
and GmCHS1 promoters, we performed yeast one-hybrid assays
using their promoter fragments as baits. All transformed yeast
combinations grew normally on SD-TL medium. On SD-TLH med-
ium supplemented with 50 mM 3-AT, yeast co-transformed with
pGADT7-GmISO5 and either the proGmHIDH or proGmCHS1 bait
construct retained growth, whereas yeast carrying the correspond-
ing promoter bait and the empty pGADT7 vector failed to grow
(Fig. 4C). These results indicate that GmISO5 is associated with
both promoters in yeast.
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Fig. 3. Regulatory role of GmISO5 in seed isoflavone accumulation and biosynthesis. A. Isoflavone and component levels in mature seeds of WT, iso5_L4, and iso5_L5. B.
Scatterplot of differentially expressed genes (DEGs) in iso5_L4 vs. WT (y-axis) and iso5_L5 vs. WT (x-axis). Each point represents a DEG (log,FC > 1). The lines mark known
isoflavone biosynthetic genes. C. GO enrichment of GmISO5-regulated genes. Dot color reflects enrichment significance, and dot size indicates the number of genes. D. Venn
diagram showing the overlap between GmISO5-regulated genes and isoflavone biosynthetic pathway genes. E. Schematic representation of the soybean isoflavone
biosynthetic pathway. Thirty GmISO5-regulated genes identified from iso5_L4 vs. WT and iso5_L5 vs. WT comparisons are listed on the left and right, respectively.

We next examined the transcriptional activity of GmISO5 using
dual-luciferase reporter assays in Nicotiana benthamiana leaves.
The GmHIDH and GmCHS1 promoter fragments were indepen-
dently fused to the LUC reporter, with GmISO5 expressed as the
effector (Fig. 4D). Co-expression of GmISO5 with either proGmHIDH
or proGmCHS1 produced markedly stronger luminescence signals
and significantly higher LUC/REN ratios than the corresponding
control combinations (Fig. 4E, F), indicating that GmISO5 transacti-
vates both promoters.

We subsequently performed electrophoretic mobility shift
assays to examine direct and sequence-specific DNA binding.

Recombinant GmISO5 bound to two GmHIDH promoter fragments
located at —732 to —678 bp and —641 to —583 bp relative to the
start codon (Fig. 4G, 1,]), as well as to a GmCHS1 promoter fragment
located at —845 to —789 bp (Fig. 4H, K). In each case, the shifted
protein-DNA complexes were progressively weakened by 10- and
50-fold molar excesses of the corresponding unlabeled probes,
whereas binding was substantially reduced or abolished when
mutated probes were used. Sequence comparison of the three
EMSA-positive fragments revealed a shared A/T-rich sequence
arrangement, TTAAAA-N4-6-ATAAT, in which the two conserved
elements occurred in the same orientation and were separated
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Fig. 4. GmISO5 directly binds to and activates the promoters of GmHIDH and GmCHS1. A-B. qRT-PCR analysis of GmHIDH (A) and GmCHS1 (B) expression in developing
seeds of wild type, iso5_L4, and iso5_L5. C. Yeast one-hybrid assays showing the association of GmISO5 with the GmHIDH and GmCHS1 promoters. D. Schematic representation
of the effector and reporter constructs used in the dual-luciferase assays. E-F. Dual-luciferase assays showing the activation of the GmHIDH (E) and GmCHS1 (F) promoters by
GmISO5 in Nicotiana benthamiana leaves. Representative luminescence images and quantitative LUC/REN ratios are shown. G-H. Schematic diagrams of the GmHIDH (G) and
GmCHS1 (H) promoters showing the positions of the EMSA probes relative to the start codons. I-J. EMSA showing direct and sequence-specific binding of recombinant
GmISO5 to two regions of the GmHIDH promoter, spanning —732 to —678 bp (I) and —641 to —583 bp (]J). K. EMSA showing direct and sequence-specific binding of
recombinant GmISO5 to the —845 to —789 bp region of the GmCHS1 promoter. Unlabeled wild-type probes were added at 10-fold or 50-fold molar excesses as competitors.
Mutated probes were used to assess binding specificity. Bound protein-DNA complexes and free probes are indicated.

by four to six nucleotides. This sequence arrangement may con-
tribute to promoter recognition by GmISO5, although additional
analyses are required to determine whether it represents a general
GmISO5-binding motif.

Collectively, the qRT-PCR, yeast one-hybrid, dual-luciferase, and
EMSA results identify GmHIDH and GmCHS1 as direct transcrip-
tional targets of GmISO5. As these genes function at distinct posi-
tions in the isoflavone biosynthetic pathway, their combined
regulation provides a plausible molecular explanation for the
broad reduction in isoflavone accumulation following GmISO5 dis-
ruption. Other pathway genes affected in the RNA-seq analysis
may represent additional direct or indirect downstream compo-

nents of the GmISO5 regulatory network and require further
experimental validation.

Selection patterns of GmISO5 haplotypes and gene modules
coordinating isoflavone accumulation in soybean

Given the nutritional and breeding importance of isoflavone
content in soybeans, we next investigated whether natural varia-
tion at GmISO5 was subject to artificial selection during domestica-
tion and improvement. Analysis of 1566 re-sequenced accessions
(56 wild soybeans and 1510 cultivars) revealed two major haplo-
types: a high-isoflavone haplotype (Hap1, GmISO5"") and a low-
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Fig. 5. Selection patterns and regulatory networks associated with GmISO5 in soybean. A. Global distribution of GmISO5 haplotypes. Each dot represents an accession,
with colors indicating haplotype identity. Bar plots depict haplotype frequencies in major production regions (USA and China). B. Frequency distribution of the two
haplotypes—Hap1 (high-isoflavone) and Hap2 (low-isoflavone)—in G. soja (W), landraces (LD), and cultivars (IC). C. Gene co-expression modules significantly associated with
isoflavone content. The first heatmap row shows module-trait correlations, and the second row shows fold enrichment of known isoflavone-related genes. The width and
intensity of red lines indicate the strength of distal eQTL hotspot-mediated regulation, with the number of regulated genes labeled on triangles. D. Gene network of the IC37
module, highlighting isoflavone biosynthesis and metabolism genes. E. Overrepresented KEGG pathways in the three IC37 submodules. F. Correlation between gene
expression and isoflavone content across IC37 submodules. Boxplots show median (center line) and interquartile range (box boundaries). G. Scatter plot of gene-wise
correlations with total isoflavone content (x-axis) and daidzin content (y-axis). Genes significantly correlated with both traits (P < 1 x 10~'2, Pearson) are highlighted in

purple.

isoflavone haplotype (Hap2, GmISO5") (Supplementary Table S2)
[37]. The frequency of GmISO5°" increased sharply from G. soja to
landraces and reached 91% in improved cultivars (Fig. 5B), indicat-
ing that GmISO5™°" underwent strong positive selection, whereas
GmISO5™e" was progressively eliminated during domestication
and breeding.

To further evaluate whether GmISO5 was subject to artificial
selection during soybean domestication and improvement, we
examined population genetic signals across a 400-kb genomic
region encompassing the GmISO5 locus (41.67-42.07 Mb) using
resequencing data. Nucleotide diversity (7r) analysis revealed that
wild soybeans exhibited substantially higher genetic diversity in
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this region than landraces, whereas improved cultivars showed a
pronounced reduction in 7 values (Fig. S8), consistent with a
strong selective sweep. Tajima’s D values were positive and rela-
tively high in landraces, suggesting the presence of balancing
selection or the maintenance of multiple haplotypes at an interme-
diate stage of domestication. In contrast, Tajima’s D values were
markedly reduced in improved cultivars, indicative of recent
strong positive selection contributing to the pronounced enrich-
ment of GmISO5™". Consistently, Fs analysis revealed elevated
genetic differentiation between wild, landrace, and cultivated pop-
ulations across this region (Fig. S8), further supporting the action of
selection at the GmISO5 locus. Together, these population genetic
signatures indicate that GmISO5 experienced at least two major
evolutionary transitions during soybean domestication and
improvement, ultimately leading to the preferential enrichment
of the low-isoflavone haplotype in improved cultivars.

Geographical distribution analysis further demonstrated that
GmISO5 " is highly enriched in improved cultivars from major
soybean production regions, particularly the United States and
northern China, with a clear latitudinal increase in frequency
across China (Fig. 5A). These findings highlight the underutiliza-
tion of the high-isoflavone GmISO5™&" haplotype in contempo-
rary breeding programs, particularly in northern China and the
US, underscoring its potential value for nutritional
improvement.

To gain mechanistic insight into the regulatory architecture of
seed isoflavone variation, we constructed a gene co-expression
network using independent component analysis (ICA). Among 58
modules identified, seven were significantly correlated with isofla-
vone content (Fig. 5C; Supplementary Table S11). We selected the
four eQTL hotspots with the largest numbers of distally regulated
genes because these loci had the greatest potential to coordinate
trans-regulatory variation. Other eQTL hotspots regulated fewer
genes and showed weaker relationships with isoflavone-
associated modules (Supplementary Table S12). Notably, module
IC37 showed the strongest association with isoflavone content.
Its expression-correlation network revealed an interconnected
structure formed by genes involved in isoflavone biosynthesis
and metabolism, including CHS1%, CHS11*, CHR*, CHI, 4CL*,
UGT72B8, Fe20G, and TT2% (Fig. 5D, G). Importantly, this module
also contained GmISO5 and its experimentally validated regulatory
target, GmHIDH (Fig. 5C, D), supporting the reliability of module-
based network mining and suggesting that additional genes within
IC37 may participate in the GmISO5-associated isoflavone regula-
tory network. To further resolve the functional organization of
IC37, we divided it into three submodules with distinct enrichment
patterns (Fig. 5E; Supplementary Table S13). Submodule 1 was
enriched in lipid metabolism and flavonoid-related processes, Sub-
module 3 was mainly associated with lipid and fatty acid biosyn-
thesis, whereas Submodule 2 was specifically enriched for
flavonoid/isoflavonoid biosynthesis and secondary metabolism.
Consistently, Submodule 2 showed the strongest correlation with
seed isoflavone content (Fig. 5F), indicating that it may represent
the core functional subnetwork within IC37 that contributes most
directly to isoflavone accumulation.

Collectively, these results show that GmISO5 haplotypes experi-
enced distinct selection patterns during soybean domestication
and improvement, and that GmISO5 is embedded within the
isoflavone-associated 1C37 module. Submodule analysis further
identified Submodule 2 as the core isoflavone-associated subnet-
work. Because co-expression analysis is correlative, IC37 and its
submodules should be interpreted as sources of prioritized candi-
date genes and potential regulatory associations for future
validation.

Journal of Advanced Research xxx (xXxx) xxXx
GmISO5 knockout lines exhibit increased susceptibility to SMV

I[soflavones have been implicated in plant-pathogen interac-
tions see [17,48-50]), and previous studies have also suggested
possible antiviral activity of isoflavonoid-related compounds
[51,52]. We therefore examined whether disruption of GmISO5
was associated with an altered response to SMV infection. In
Wm82, qRT-PCR showed that the transcript levels of GmISO5 and
GmHIDH increased at 2 dpi after SMV inoculation (Fig. 6B, C). Fol-
lowing inoculation, iso5_L4 and iso5_L5 exhibited more severe
symptoms than wild type (Fig. 6D, F, G and showed significantly
higher viral accumulation as measured by DAS-ELISA (P < 0.01;
Fig. 6E). Metabolic profiling further showed that total isoflavone
content and several major isoflavone components were reduced
in mutant leaves compared with wild type (Fig. 6A). Together,
these results show that loss of GmISO5 was accompanied by
reduced leaf isoflavone accumulation and increased susceptibility
to SMV. However, these experiments do not establish that the
increased viral susceptibility was directly caused by reduced isofla-
vone accumulation.

Discussion

GmISO5 directly regulates multiple nodes of the isoflavone
biosynthetic pathway

Isoflavone accumulation in soybean is controlled by a complex
biosynthetic and regulatory network, but functional validation of
seed-specific upstream regulators remains limited [23]. Previous
studies have primarily focused on canonical transcription factors,
including several MYB family members [19,20,24,53,54] and the
C2H2-type zinc-finger protein GmZFP7 [22]. In contrast, GmISO5
belongs to the PEBP family, whose characterized functions have
mainly involved flowering, seed development, germination, and
stress responses [29-34]. Therefore, the identification of GmISO5
expands the known regulatory repertoire of soybean isoflavone
biosynthesis beyond previously characterized MYB and zinc-
finger regulators.

Mechanistically, we identified GmHIDH and GmCHS1 as two
direct transcriptional targets of GmISO5. GmCHS1 encodes chal-
cone synthase, which acts at an early step of flavonoid biosynthe-
sis, whereas GmHIDH encodes 2-hydroxyisoflavanone dehydratase,
which functions in the isoflavone-specific branch [16,55-57].
Direct regulation of genes at these distinct pathway positions sug-
gests that GmISO5 promotes isoflavone accumulation through
multiple regulatory nodes rather than through GmHIDH alone. This
multi-target regulation provides a plausible explanation for the
broad reduction in isoflavone components and the extensive tran-
scriptional changes observed in GmISO5 knockout seeds. Knockout
of GmISO5 caused a markedly stronger reduction in daidzin-type
compounds than in genistin- and glycitin-type compounds. This
uneven compositional response may reflect the combined regula-
tion of precursor supply through GmCHS1 and reactions within
the isoflavone-specific branch through GmHIDH, although direct
evidence from metabolic-flux analysis is still lacking. Because
daidzein- and genistein-derived isoflavones have been associated
with antioxidant and anticancer properties [5,6], whereas
glycitein-related compounds may contribute to bitterness [7],
GmISO5-mediated changes in isoflavone composition may also
influence the nutritional and sensory properties of soybean seeds.
Nevertheless, although 30 of the 65 annotated isoflavone-pathway
genes were differentially expressed, only GmHIDH and GmCHS1
were directly validated by qRT-PCR, Y1H, Dual-LUC, and EMSA.
The remaining genes may represent direct targets or indirect
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downstream and require further experimental

validation.

responses

Integrating multi-omics to dissect complex regulatory networks

Integrative multi-omics approaches have become powerful
tools for dissecting complex crop traits because they connect
population-level genetic variation with transcriptomic, epige-
nomic, metabolic, and network-level evidence [28,58,59]. In crops
such as Brassica napus, soybean, and cotton, the integration of
GWAS, TWAS, population transcriptomes, methylomes, and func-

10

tional validation has facilitated the identification of candidate
genes controlling seed oil content [59], fatty acid composition, glu-
cosinolate accumulation [60], seed coat traits [61], seed weight
[62], oil-to-protein ratio [1], and fiber-related traits [63]. These
studies demonstrate that multi-omics frameworks can strengthen
candidate-gene discovery by linking genetic associations with
expression regulation, network context, and functional evidence
[59,61,63].

In this study, we extended this integrative strategy to soybean
isoflavone metabolism. GWAS provided population-scale DNA-
level association evidence, but its resolution may be limited by
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linkage disequilibrium and therefore often identifies candidate
genomic regions rather than a single causal gene. By contrast,
TWAS linked transcript abundance and exon-usage variation to
seed isoflavone phenotypes, providing an expression-based layer
for candidate-gene prioritization [28]. The convergence of GWAS
and TWAS signals supported GmISO5 as the only co-supported can-
didate gene within qISO.GmO05 (Fig. 1D, F).

Network analysis further strengthened this evidence chain.
Both GmISO5 and its experimentally validated downstream target
GmHIDH were assigned to the IC37 module, together with core iso-
flavone biosynthetic pathway genes such as CHS [44], CHR [45], 4CL
[46], and TT2 [47] (Fig. 5D). This co-expression pattern suggests
that GmISO5-associated isoflavone regulation is embedded within
a broader pathway-level transcriptional network. Submodule anal-
ysis provided additional resolution, as Submodule 2 showed the
strongest correlation with seed isoflavone content and was specif-
ically enriched for flavonoid/isoflavonoid biosynthesis and sec-
ondary metabolism. Together, these results support IC37,
particularly Submodule 2, as a useful network framework for prior-
itizing additional genes involved in GmISO5-associated isoflavone
regulation.

Soybean isoflavone accumulation is influenced by both devel-
opmental stage and environmental conditions. In this study, the
TWAS was based on transcriptomic data collected from seeds at
the R5.5 developmental stage under a single field environment,
whereas the GWAS used multi-year phenotypic BLUP values to
reduce year-specific environmental variation. The convergence of
GWAS and TWAS at the same major locus therefore provided com-
plementary evidence supporting the prioritization of GmISO5 as a
regulator of isoflavone accumulation during R5.5 seed develop-
ment. However, the current TWAS may not capture genes acting
at other stages of seed development or regulatory loci whose
effects are restricted to specific environmental conditions. Future
studies integrating matched phenotypic, transcriptomic, and meta-
bolomic data across multiple developmental stages and environ-
ments will be required to identify additional isoflavone-related
loci influenced by genotype-by-environment interactions.

Evolutionary selection of GmISO5 haplotypes and its association with
SMV response

Natural variation at GmISO5 showed pronounced signatures of
domestication, improvement, and geographic differentiation. The
frequency of the low-isoflavone haplotype GmISO5™" increased
progressively from wild soybean to landraces and improved culti-
vars, reaching 91% in modern cultivars, whereas the high-
isoflavone haplotype GmISO5"&" became increasingly rare
(Fig. 5A, B). GmISO5"" was particularly enriched in major
soybean-producing regions, including Northeast China and the
United States.

This marked shift in haplotype frequency may reflect historical
selection for seed oil content and 100-seed weight rather than
direct selection for reduced isoflavone accumulation. Previous
studies identified GmISO5, also known as GmMEFT [35] or GmST05
[36], as a locus affecting seed oil content, seed size, and 100-seed
weight. Consistent with these reports, accessions carrying
GmISO5" in the present population had significantly higher
100-seed weight and seed oil content than those carrying
GmISO5M" (Fig. S9A-C), whereas GmISO5 " was associated with
lower seed isoflavone accumulation (Fig. 2C-I). Because seed size
and oil content have long been major agronomic and quality tar-
gets in soybean breeding [35,36,62], historical selection for large-
seeded and high-oil accessions may have indirectly increased the
frequency of GmISO5"°", with reduced isoflavone accumulation
retained as a correlated feature of this haplotype. Under this inter-
pretation, low isoflavone content was not necessarily a direct

11

Journal of Advanced Research xxx (xXxx) xxXx

breeding target, and the decline of GmISO5"" may instead have
occurred as a correlated consequence of selection for favorable
seed traits associated with GmISO5:°%. Nevertheless, demographic
history, regional adaptation, linked variation, and genetic-
background effects may also have contributed to the observed hap-
lotype distribution [37].

I[soflavones and related pathway genes have been implicated in
diverse biotic interactions in soybean [21,48-50]. More specifi-
cally, multiplex CRISPR/Cas9-mediated editing of flavonoid-
pathway genes increased soybean isoflavone accumulation and
was accompanied by enhanced resistance to SMV [51]. In another
plant-virus system, an isoflavonoid isolated from Nicotiana taba-
cum exhibited anti-TMV activity [52]. In the present study, GmISO5
directly activated GmCHS1 and GmHIDH, and loss of GmISO5
reduced isoflavone accumulation in both seeds and leaves. Follow-
ing SMV inoculation, GmISO5 knockout lines exhibited more severe
symptoms and significantly higher viral accumulation than wild
type (Fig. 6). These results implicate GmISO5 in the soybean
response to SMV infection and are consistent with a possible con-
tribution of isoflavone metabolism to antiviral responses. However,
they do not establish that reduced isoflavone accumulation
directly caused the increased SMV susceptibility of the knockout
lines, as other GmISO5-regulated metabolic or defense pathways
may also contribute to the phenotype. Genetic complementation,
GmISO5 overexpression, metabolite-rescue experiments, and SMV
evaluation of contrasting natural haplotypes will be required to
clarify the causal relationship.

Conclusion

In conclusion, this study identifies GmISO5 as a PEBP-family
regulator underlying natural variation in soybean seed isoflavone
accumulation. By integrating GWAS, TWAS, transcriptome and
co-expression analyses, CRISPR/Cas9 validation, metabolite profil-
ing, and molecular assays, we demonstrate that GmISO5 directly
binds to and activates the promoters of GmHIDH and GmCHSI,
thereby regulating distinct positions of the isoflavone biosynthetic
pathway. Haplotype and selection analyses suggested that the
enrichment of GmISO5%°" may have resulted from indirect selec-
tion for its associated high seed weight and oil content, leading
to the correlated depletion of the high-isoflavone GmISO5"&" hap-
lotype. GmISO5 knockout lines also exhibited more severe SMV
symptoms and increased viral accumulation, implicating GmISO5
in the soybean response to SMV infection. However, whether
reduced isoflavone accumulation directly causes the altered SMV
phenotype remains unresolved, and genetic complementation,
overexpression, and metabolite-rescue experiments will be
required to establish the underlying mechanism. Collectively,
these findings expand the regulatory framework of soybean isofla-
vone biosynthesis and provide a foundation for the targeted uti-
lization of GmISO5 alleles in seed-quality improvement.

Materials and methods
Plant materials and growth conditions

A total of 311 soybean accessions were selected from a previ-
ously re-sequenced germplasm collection [37], and detailed acces-
sion information is provided in Supplementary Table S1. All
accessions were cultivated in Beijing, China (39°N, 116°E) for three
consecutive years (2009, 2010, and 2011), during which mature
seeds were harvested for isoflavone profiling. Each accession was
planted in two replicated rows with 0.10 m spacing between plants
and 0.10 m between rows under standard field management prac-
tices, including basal fertilization and pest and weed control when
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needed according to local agronomic recommendations. Best linear
unbiased prediction (BLUP) values for total and component isofla-
vone contents were calculated using mixed linear models and sub-
sequently used for GWAS.

For transient assays, Nicotiana benthamiana plants were grown
in a greenhouse at 25 °C under long-day conditions (14 h
light/10 h dark, light intensity 524pmol m™ s™!). For functional
characterization in soybean, GmISO5 knockout lines (iso5_L4 and
iso5_L5) were sown each June at the Shunyi Experimental Station
of the Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences (Beijing, 39°N, 116°E). Plants were grown in rows 3 m
in length with 0.10 m spacing between rows and 0.10 m between
plants, following a randomized block design with standard field
management. Developing seeds were sampled at the indicated
reproductive stages, and mature seeds were collected after full
physiological maturity.

Isoflavone extraction and determination

Isoflavones were extracted from soybean seeds and leaves fol-
lowing the method of Sun et al., with minor modifications [64].
Samples were ground into fine powder with a laboratory cyclone
mill (A10 basic; IKA, Staufen, Germany). For each assay, 0.1 g of
powder was suspended in 20 mL of 90% (v/v) methanol-water, vor-
texed, and sonicated in a 60 °C water bath for 30 min. After cen-
trifugation at 12,000 g for 5 min, the supernatant was collected,
and the extraction was repeated once. The combined extracts were
concentrated under nitrogen to 20 mlL, diluted to 25 mL with
methanol, centrifuged, and filtered through a 0.22 pm organic-
phase membrane filter. Filtrates were stored at —20 °C until
analysis.

Isoflavone quantification was performed on an Agilent HPLC
system using an Agilent Poroshell 120 EC-C18 column (4.6 x 250 m
m, 4 um) at 25 °C. The mobile phase consisted of solvent A (0.1%
trifluoroacetic acid in water) and solvent B (acetonitrile) with a
flow rate of 0.8 mL/min and 10 pL injection volume. The gradient
was programmed as follows: 0-4 min, 90% A; 4-10 min, linear gra-
dient to 75% A; 10-12 min, 70% A; 12-25 min, 45% A; 25-26 min,
back to 90% A; 26-29 min, 90% A. Detection was performed with a
diode array detector at 254 nm. Standard curves were prepared
using six isoflavones (daidzin, genistin, glycitin, daidzein, genis-
tein, and glycitein; Zhenzhun Biotech, China) at concentrations of
0.25-50 pg/mL. All samples were analyzed in triplicate, and the
total isoflavone (TIF) content was calculated as the sum of the six
components.

Genotype data processing and association analysis

Previously published resequencing data were used for genotype
calling [37]. SNPs were imputed using Beagle and filtered with the
following criteria: minor allele frequency (MAF) > 5%, missing
rate < 20%, and heterozygosity < 20%. A total of 4,765,428 high-
quality SNPs were retained for downstream analyses. GWAS was
performed using the FarmCPU model implemented in GAPIT for
R [38]. Population structure was controlled by including the top
three principal components (PCs) estimated with PLINK v1.90
[65]. Genome-wide significance thresholds were determined by
Bonferroni correction at o = 0.05 (p < 1.1E-8). QQ plots and geno-
mic inflation factors (AGC) were used to evaluate potential system-
atic inflation of association signals and false-positive control. QTLs
were defined by grouping significant SNPs within the local LD
interval or within adjacent physical windows supporting the same
trait signal; overlapping QTLs across traits were merged into a sin-
gle locus.
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Transcriptome data and TWAS analysis

RNA-seq data for 204 accessions were obtained from a previ-
ously published population-level seed transcriptome dataset [27].
Fresh seeds were collected at the R5.5 stage in 2021 in Sanya, Hai-
nan (18.2°N, 109.9°E). Total RNA extraction, library construction,
and sequencing were performed by Novogene (Tianjin, China).
Raw reads were processed with fastp [66], aligned to the Wm82.
a4.v1 reference genome using Hisat2 [67], and gene and exon
counts were obtained with featureCounts [68]. Exon proportion
was calculated as the ratio of reads mapping to each exon relative
to the total gene reads, following Li et al. [28]. TWAS were per-
formed with the FarmCPU model [38], controlling for the top three
expression PCs. Significance thresholds were adjusted using Bon-
ferroni correction at o = 0.05 (p < 6.5 x 107).

Genetic diversity and selective sweep analysis

Population genetic analyses were conducted using previously
published SNP variation data [37]. SNPs with a missing rate > 10%
or MAF < 1% were excluded. Accessions were grouped into wild
soybean (G. soja), landraces, and improved cultivars. Nucleotide
diversity () and fixation index (Fs;) were calculated using VCFtools
with a sliding window approach (5 kb window, 2 kb step) [69].
Tajima’s D values were also computed to assess departures from
neutral expectations and to identify genomic regions potentially
subject to selective sweeps during domestication and
improvement.

Plasmid construction and soybean transformation

To generate CRISPR/Cas9-mediated mutants of GmISO5, a 20-bp
guide sequence targeting exon 1 was designed using the CRISPR-P
online tool (https://cbi.hzau.edu.cn/crispr/) [70]. The guide
sequence, driven by the U6 promoter, was inserted into a
CRISPR/Cas9 expression vector under the control of the RPS5A pro-
moter. The resulting construct was introduced into Agrobacterium
tumefaciens strain EHA105 by electroporation and subsequently
transformed into soybean cultivar Wm82 via the cotyledonary
node method [71]. Transgenic plants were screened by PCR, and
editing events were confirmed by Sanger sequencing of the target
region. Homozygous or stable edited lines carrying frameshift
mutations were advanced for phenotyping and RNA-seq analyses.

RNA-seq

Developing seeds at the R5.5 stage were harvested from wild-
type (Wm82) and two independent GmISO5 knockout lines
(iso5_L4 and iso5_L5), with three biological replicates per genotype.
Total RNA was extracted using TRIzol reagent (Takara, Japan) fol-
lowing the manufacturer’s protocol. mRNA was enriched using
poly(A) selection and used to prepare strand-specific libraries with
the NEBNext Ultra RNA Library Prep Kit (NEB, USA). Libraries were
sequenced on an Illumina HiSeq 2500 platform to generate 150 bp
paired-end reads (Novogene, Tianjin, China).

Adapters and low-quality reads were removed using fastp [66].
Clean reads were aligned to the soybean reference genome
(Wm82.a4.v1) using HISAT2 [67], and uniquely mapped reads
were summarized with featureCounts [68]. Gene expression levels
were normalized as transcripts per million (TPM). Differential
expression analysis was performed using DESeq2 [72], with
thresholds of |log,(fold change)| > 1 and false discovery rate
(FDR) < 0.05 to define significantly differentially expressed genes
(DEGs).
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Yeast one-Hybrid assays (Y1H)

Promoter fragments of GmHIDH and GmCHS1 were amplified
from Wm82 genomic DNA and independently cloned into the
pHIS2 vector to generate the pHIS2-proGmHIDH and pHIS2-
proGmCHS1 bait constructs. The full-length open reading frame of
GmISO5 was cloned into pGADT7 to generate the prey construct.
Each bait construct was co-transformed with pGADT7-GmISO5
into the yeast strain Y187 using the PEG/LiAc method. The bait
constructs combined with the empty pGADT7 vector were used
to assess promoter autoactivation, and pHIS2-P53/pGAD53m was
used as the positive control. Transformants were initially selected
on SD/-Leu/-Trp medium. To suppress bait autoactivation, trans-
formed yeast cells were subsequently grown on SD/-Leu/-Trp/-
His medium supplemented with 50 mM 3-amino-1,2,4-triazole.
Yeast cultures were adjusted to equivalent densities, serially
diluted, and spotted onto the selective media. Plates were incu-
bated at 30 °C for 3-5 days [73]. Each experiment was indepen-
dently repeated three times [74]. Primer sequences are listed in
Supplementary Table S14.

Dual-Luciferase (LUC) reporter assay

The promoter fragments of GmHIDH and GmCHS1 were inde-
pendently cloned upstream of the firefly luciferase reporter gene
in the pGreenll 0800-LUC vector to generate proGmHIDH:LUC and
proGmCHS1:LUC reporter constructs. The Renilla luciferase gene
in the same vector was used as an internal control. The full-
length GmISO5 coding sequence was cloned into pBinGFP2 to gen-
erate the effector construct, and the corresponding empty vector
was used as the negative control.

Reporter and effector constructs were introduced into Agrobac-
terium tumefaciens strain GV3101 and co-infiltrated into Nicotiana
benthamiana leaves in the indicated combinations. After 24-48 h,
infiltrated leaves were subjected to luminescence imaging under
identical exposure conditions. Firefly and Renilla luciferase activi-
ties were quantified using a dual-luciferase reporter assay system,
and promoter activity was expressed as the LUC/REN ratio. Three
independent biological replicates were performed [75]. Primer
sequences are listed in Supplementary Table S14.

Electrophoretic mobility shift assay (EMSA)

The full-length CDS sequence of GmISO5 was amplified and
ligated into the pET-28a vector, following a previously reported
method with slight modifications [76]. The resulting recombinant
construct, MBP-His-GmISO5, was transformed into competent
Escherichia coli BL21 cells. Expression of the MBP-His-GmISO5
fusion protein was induced with 0.5 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG) at 28 °C for 6 h. The recombinant
protein was purified using a Ni-NTA Gravity Column Protein Purifi-
cation Kit (Sangon Biotech, Shanghai, China) through its His tag.
The 5’-biotin-labelled DNA probes, corresponding unlabeled com-
petitor probes and mutated probes were synthesized and annealed.
EMSA was performed using the LightShift Chemiluminescent EMSA
Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. Chemiluminescent signals were
detected using a Gel Doc 2000 imaging system (Bio-Rad, Hercules,
CA, USA). The primers and probe sequences used in this study are
listed in Supplementary Table S14.

RNA extraction and qPCR expression analysis
For expression profiling, samples were collected from multiple

tissues and developmental stages of the soybean cultivar Wm82,
from Wm82 leaves before and after inoculation with soybean
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mosaic virus (SMV), and from developing seeds (R5.5 stage) of wild
type (Wm82) and CRISPR/Cas9-generated mutants (iso5_L4 and
iso5_L5). Total RNA was extracted using the SteadyPure Plant
RNA Extraction Kit (Accurate Biotechnology, Changsha, China) fol-
lowing the manufacturer’s instructions. RNA integrity was verified
by agarose gel electrophoresis, and purity and concentration were
determined with a NanoDrop spectrophotometer. For each sample,
1 pg of total RNA was used for first-strand cDNA synthesis using
the Evo M-MLV One Step RT-PCR Kit (AG11606, Accurate Biotech-
nology), ensuring comparable RNA input across reactions. Quanti-
tative real-time PCR (qPCR) was performed on a CFX96 Real-Time
PCR System (Bio-Rad, Hercules, USA) using SYBR Green Premix
Pro Taq HS (AG11701, Accurate Biotechnology) [77]. Amplification
was carried out following the manufacturer’s instructions, and
melting-curve analysis was used to verify product specificity.
GmActin (Glyma.18G290800) served as the internal reference gene
[25]. Relative expression levels were calculated using the 274
method [78]. Each experiment included three independent biolog-
ical replicates, with three technical replicates per biological repli-
cate. Gene-specific primers were designed using Primer Premier
6 [79], and their sequences are listed in Supplementary Table S14.

SMV inoculation and DAS-ELISA assay

Soybean cultivar Wm82 and CRISPR/Cas9-derived knockout
lines (iso5_L4 and iso5_L5) were grown in flower pots and main-
tained in insect-free greenhouses under controlled conditions
(25 £ 2 °C, 14 h light/10 h dark photoperiod, light intensity 500-
550 umol m~2 s7!). SMV were preserved at —80 °C and reactivated
before inoculation.

Mechanical sap inoculation was performed on fully expanded
unifoliolate leaves at the V1 stage, approximately 10-14 days after
emergence, using carborundum-assisted rubbing with crude sap
prepared from SMV-infected plants in 0.01 M phosphate-buffered
saline, PBS, pH 7.4, at a 1:10 (w/v) tissue-to-buffer ratio [80].

PBS-inoculated plants served as negative controls. Phenotypic
traits, including mosaic symptoms, chlorosis, plant growth, and
disease severity, were monitored for at least 2 weeks post inocula-
tion, and leaf tissues were collected at designated time points for
qPCR, metabolite profiling, and DAS-ELISA assays.

DAS-ELISA was carried out using a commercial diagnostic kit
(V094-R2, Nanodiagnostics, Fayetteville, United States) according
to the manufacturer’s protocol. Briefly, crude extracts from inocu-
lated leaves were loaded into antibody-coated plates, incubated
with alkaline phosphatase-conjugated secondary antibodies, and
developed using p-nitrophenyl phosphate substrate. Absorbance
at 405 nm was measured with an Infinite 200 PRO microplate
reader (TECAN, Switzerland). The OD,4o5 value was used as a quan-
titative proxy for SMV accumulation. The entire assay was con-
ducted at 25 °C. Samples with OD,4os values exceeding twice
those of the negative controls were considered positive for SMV
infection.

Statistical analysis

All statistical analyses were conducted in R (R Foundation for
Statistical Computing, Vienna, Austria). Descriptive statistics were
calculated for all measured traits. Differences between groups
were assessed using analysis of variance (ANOVA), followed by
post hoc multiple comparisons (Tukey’s HSD or LSD test) where
appropriate. Unless otherwise indicated, statistical significance
was defined at P < 0.05. Exact P values, effect sizes, and 95% confi-
dence intervals were reported where available in the figures, figure
legends, and supplementary tables. For controlled molecular,
expression, metabolite, and SMV experiments, data are presented
as mean * SD from at least three independent biological replicates
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unless otherwise indicated. Sample sizes and statistical tests for
population-level analyses are specified in the corresponding figure
legends and Supplementary Table S15. Visualization of results was
performed using R packages including ggplot2, ggpubr, and Com-
plexHeatmap, and final figure layouts were refined using Adobe
[llustrator (Adobe, USA).
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